Capillary pressure curves are obtained for six pairs of carbonate core samples coming from a fractured reservoir in Iraq. Each pair of core samples consists of one large core sample and one small plug (that is recovered from the large core sample). Measurements are made using the porous plate method. For such measurements, synthetic equivalent formation brine and stock tank oil are used as the displaced and the displacing fluids respectively. Three types of tests are executed successively in this work; 1) large core samples at reservoir temperature (55°C), 2) small plugs at ambient temperature (about 20°C), and 3) small plugs at reservoir temperature.
Introduction
Knowledge of the effects of capillary forces is extremely important in understanding fluid displacement in porous media 1 . In fractured reservoirs, capillary force is the most dominant factor in the recovery of oil. Capillary pressure curves are usually obtained from laboratory core measurements using small plugs. Such measurements are questionable and inaccurate, because small plugs are not representative and they cannot reveal the heterogeneous features within the rocks, especially in fractured reservoirs.
The effect of heterogeneity on the irreducible wettingphase saturation, S wi , has been investigated by Morrow 2 using random packings of teflon spheres. He concluded that the magnitude of S wi is dominated by the heterogeneity of the pore structure. The much higher S wi values are observed in heterogeneous packings.
The aim of this study is to measure the capillary pressure, P c , using large core samples and comparing these measurements with those of small plugs. This comparison should improve the understanding of the effect of heterogeneity on P c measurements.
Experiment

Material used
Six pairs of carbonate core samples are studied in this work. Each pair consists of two core samples:
1. Large core sample (indicated by suffix A). 2. Small plug (indicated by suffix B). The diameter of the large samples is ranging between 5.98 and 11.16 cm, whereas, the small plugs are recovered from the large core samples with dimensions of about (2.5 cm × 2.5 cm). Table 1 , shows the dimensions and basic properties of the studied core samples.
All the tests are executed using synthetic formation brine with salinity of 121920 ppm as a displaced fluid, (Table 2) . While, a stock tank oil with specific gravity of 0.919 (measured at 15.6 °C/15.6 °C) is used as a displacing fluid. The surface tensions are measured for brine and crude oil with a ring tensiometer at two temperature levels, 20 and 55°C respectively, ( Table 3) . The interfacial tension is calculated as the difference between surface tensions of the brine and the crude oil 3 . The wettability of calcium carbonate crystal is determined by sessile drop method 4 for both reservoir and ambient temperature, using the same fluids used in this work.
Tests and equipment
Three types of tests are executed successively in this work:
1. large core samples at reservoir temperature (LRT test). This test is carried out at reservoir temperature (55°C) using large core samples, 2. small plugs at ambient temperature (SAT test), which is carried out at laboratory temperature (about 20°C) using small plugs. 3. small plugs at reservoir temperature (SRT test), which is carried out at reservoir temperature using small plugs. It should be noted that LRT test is executed first.
There are many techniques for measuring P c
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. In this work, the restored state method 6, 7, 8 is chosen to measure P c , because it is believed that this method duplicates the mechanics within the reservoir more closely 9 . The restored state apparatus consists of a cell divided into two parts by a brine saturated ceramic membrane which is permeable to brine but not to oil at the capillary pressure being considered. The upper part of the cell is called the oil side, while the lower part is called the brine side. The detailed diagram of the cell is given in Fig. 1 . The displacement pressure, P d , of the membrane in the tests conducted is 35 and 55 psi for large and small core samples tests respectively.
A schematic diagram of the equipment used for measuring P c for both LRT and SRT tests is shown in Fig. 2 , which is also used for the SAT tests but without the liquid bath. The equipment is composed of the following parts:
1. Capillary pressure cell: a restored capillary pressure cell with an approximate inside diameter of 14.1 cm made by Core Laboratories Inc. is used for the large sample tests. For small plug tests, a cell of model no. 1081-805-00 made by Ruska Instrument Corp. is used. 2. Graduated cylinder: used to collect and measure the volume of water drained from the cell. For large samples, this cylinder has a total capacity of 50 ml and is graduated by 0.1 ml, while it has a capacity of 1 ml with a resolution of 0.01 ml for small plugs. 3. Pressure gages panel: composed of three pressure gages with, 0-5, 0-15 and 0-60 psig ranges respectively. 4. Nitrogen supply: used as a pressure source to force oil to enter the pores of the core samples, and displacing the brine. 5. Crude oil reservoir: this reservoir is used as a buffer between the nitrogen source and the crude oil in the cell to prevent any possible contact between nitrogen and the core sample. 6. Bath: used in reservoir temperature tests to maintain the reservoir temperature. The liquid and air baths are used in LRT and SRT respectively.
Procedure First, the cores are cut and their end surfaces are polished sufficiently to provide good contact with the membrane. Then, the core dimensions are measured. The small plugs are cored from the uppermost part of the large samples after finishing each LRT test.
Cleaning the core samples is carried out using a 50/50 volume percent mixture of toluene/methanol. The cleaned cores are placed in an unhumidified drying oven at 110 °C for 48 hours to allow solvent evaporation. Samples are then cooled and stored in a desiccator. The core samples are fully saturated with the brine. Then, the bottom end of the samples is covered with a piece of tissue paper and placed on the membrane. The cell is filled with the stock tank oil and then assembled and tightened.
When LRT tests are executed, the cell is placed first in the bath for three days at reservoir temperature. This step attempts to restore the natural wettability as much as possible, taking into account that the LRT test in this work takes a relatively long period of time (30 days on average). Therefore, it is believed that wettability could be possibly restored gradually during the execution of the test.
For both LRT and SAT tests, the differential pressure between the oil and brine sides of the cell (i.e. capillary pressure) is set by increasing the pressure on the oil side. Six different pressures are used successively (1, 2, 4, 8, 15 and 25 psig), whereas, four pressures (1, 2, 8 and 25 psig) are used for SRT. In each pressure step, the brine production from the sample is collected in the graduated cylinder. The test then proceeds to the next pressure step when the production during a three-day interval is less than one percent of the pore volume.
Results and Discussion
Capillary Pressure Curves
The P c -curves of the core samples pairs are presented graphically in Fig. 3 . The irreducible water saturation, S wi , is not reached in all the samples, therefore, it is calculated using Brooks and Corey equation 10 , see Table 4 .
Referring to Fig. 3 and Table 4 , the P c -curves show that, S wi values obtained for LRT tests are higher than those obtained for SAT tests except for pair no. 4. The S wi in the LRT tests is between 0.001 and 0.611, whereas, it varies between 0.0001 and 0.233 (pair no. 4 is not included in this ranging). In other words, S wi , in the large core samples is 2.6-10 times larger than that of the small plugs. This large difference in S wi , caused an upward shifting of the capillary pressure curves of LRT.
Research results in the literature show that capillary pressure is affected by several factors 5, 11 . Those effects are discussed for the tests conducted as follows:
Pore size distribution: Brooks and Corey expressed a relationship between capillary pressure and the effective saturation, as follows:
where:
S e = effective saturation = (S w -S wi )/(1 -S wi ) S w = water saturation S wi = irreducible water saturation λ = pore size distribution index Referring to this equation, a small value of λ indicates a wide distribution of pore size, whereas a large value indicates uniformity of pore size distribution.
This equation has three unknowns, which could be determined by using the least square method. Due to nonlinearity of this equation, the unknowns are determined by Hook and Jeevs method 12 .
Generally, one can observe by the naked eye the existence of channels, vugs and solution cavities in the large core sample which can cause a differences with the small plugs. This observation is confirmed by calculating λ values for the samples using equation (1), (Table 4) . It is seen that the values of λ for the large cores are smaller than those of the small plugs. A reverse behavior for pair no. 4 is obtained. Sample no.4A contained an open inclined fracture, which caused a higher value of λ compared to that of sample no. 4B. Table 4 also shows that the displacement pressure, P d , for the large and small samples (of the same pair) are close to each other except for pair no.1. The magnitude of P d is influenced mainly by the average pore size 13 . Therefore, it is reasonable to assume that, in each pair of samples, the average pore size is the same for both small and large samples. When comparing two samples having the same average pore size, the wider the pore size distribution the higher S wi value is and vice versa 13 . This difference in S wi is attributed to the increase of pore heterogeneity, which is equivalent to the presence of a large percentage of small pores. This could explain why the S wi of sample no. 4A is lower than that of sample no. 4B.
Wettability:
The wettability of the samples is found to be neutral at ambient temperature, whereas, they are oil-wet at reservoir conditions. Oil wetness behavior is not observed during the performance of LRT tests. Therefore, wettability data in this work is to be taken into account cautiously.
Temperature:
To investigate the effect of temperature on the results, the P c -curve is obtained for two small plugs at reservoir temperature (SRT), which has been tested previously at ambient temperature (SAT). A comparison between capillary pressure results SRT and SAT is shown in Fig.'s 3b and 3c for small plugs 2B and 3B respectively. The comparison shows that the two curves in each figure are almost identical and seem to attain the same limit at the end of drainage (i.e. there is a negligible temperature effect on S wi ).
Interfacial tension:
In an attempt to compare the P ccurves of both small and large core samples of the same pair, we tried to convert the results of small plugs to reservoir conditions using the ratio of interfacial tensions:
where: F = scaling factor (dimensionless) σ = interfacial tension (dyne/cm) Subscripts res and amb refer to reservoir and ambient conditions respectively.
The value of F, in our study, is calculated to be 0.861. This value should generate a P c -curve for small plugs under reservoir temperature just below the curve of SRT test (i.e. approximately no difference when compared to the large core samples), see Fig. 3a as an example. Therefore, the value of F cannot account for the difference between the Pc-curves of the small and large core samples.
However, the comparison between the large and small plugs seems to be difficult due to differences in both pore geometry and wettability. The effect of pore geometry is clarified only on the basis of pore size distribution, but it is still difficult to identify the effect of wettability precisely. Many authors mention the negligible effect of wettability or temperature on capillary pressure of limestone rocks 14, 15, 16 . One author found a reverse behavior 17 . Hence, the difference in capillary pressure curves and S wi could be attributed mainly to pore geometry (i.e. pore geometry will be a dominant factor).
Leveret's J-function:
To correlate capillary pressure data for the cores used in this study, the J-function 18 , J(S w ), is evaluated for each P c -S w point and for both large and small core samples. Fig. 4a shows J(S w ) vs. S w plots for all samples. It can be observed that there is a great scatter in J(S w ) plots and no definite trend can be established. In an attempt to obtain a better correlation, the data of large samples and small samples are plotted separately as shown in Fig.'s 4b and 4c respectively. The dispersion of data points for the large core samples is greater than that for the small samples. This dispersion of data could be attributed to rock heterogeneity and texture. Generally, the large core samples contain larger number of cracks, solution cavities and vugs which are not capillary in size, and that could explain the deviation from trends established in capillary data 19 .
Conclusions
1. Significant differences between the capillary pressure curves of the large and small core samples are observed. These differences are attributed mainly to pore geometry.
2. Except for one pair out of six pairs of samples, the irreducible water saturations of the large core samples are higher than those obtained for small plugs. 3. For each pair of samples, higher irreducible water saturations are obtained for core sample having wider pore size distribution (i.e. a smaller value of λ). 4. Leverett's J-function vs. water saturation plots reveal big scatter, and no definite trend could be established. But, the dispersion of data points is greater in large core samples. This scattering is attributed to the existence of non capillary voids. 5. From the above points, it can be generally concluded that using small plugs to measure capillary pressure could introduce severe errors in determining the irreducible water saturation even when reservoir fluids are used, (at least for our case of heterogeneous reservoir).
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